A simplified collisional-radiative model has been constructed for the system of the ground state, electronically excited stable states, and the ionic state of molecular hydrogen in plasma. Effective rate coefficients have been calculated for production of electrons, molecular ions, protons, and hydrogen atoms from molecular hydrogen. The ratio of the effective ionization rate of molecular hydrogen to the I3aImer cr photon emission rate and the effective rate coefficients for radiation and energy losses are also presented. 0 1995 American Znstitute of Physics.
INTRODUCTION
Plasma particles in a toroidal fusion device, such as a tokamak, leave the core region across the magnetic-field lines and impinge upon the wall or limiters. ' A fraction of the incident plasma particles is recycled back as neutral particles. It is a well known fact that the performance of the core plasma is strongly related with the characteristics of the plasma in the outer region. It is therefore essential to understand the transport of the neutral and charged particles in these regions.
Several years ago the present authors proposed a method to determine the atomic hydrogen density, the molecular hydrogen density, and the electron density from the observed atomic line intensities emitted from a plasma which contains atomic and molecular hydrogen as neutral species.' This method is based on the fact that the population distribution over the excited atomic levels depends on whether these atoms are produced from atomic hydrogen or molecular hydrogen and on the fact that the population distribution also depends on electron density. They applied this method to a tokamak plasma and found that more than 90% of neutral hydrogen in the outer region was molecular. ' This finding strongly suggests that the neutral hydrogen released from the container wall or the limiter is predominantly molecular.
Our concern is then the particle balance of hydrogen: molecules which are released from the wall or the limiter and flow into the plasma would also be ionized or dissociated to produce molecular ions, protons, or atoms. These latter particles are also subject to further dissociation, ionization, and the particle transport. The particle balance including the transport is expressed by the following equations:
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where nu, n&, nnf , n, , and nH2+ are, respectively, the densities of hydrogen atoms, molecules, protons, electrons, and molecular ions. Rate coefficients P stand for the effective production rate coefficients; e.g., Pi, is the rate coefficient for production of hydrogen atoms from hydrogen molecules. Coefficients D stand for the effective depletion rate coefficients; e.g., Dwi; is the rate coefficient for hydrogen molecules. I? and I?" are, respectively , the flux into and out of a unit volume of the plasma at this location. In Eqs. (l)- (5) we have neglected the recombination terms, e.g., PE+nu+n,, because the plasma of our present interest is a typical example of the ionizing plasma in which recombination processes are insignificant. 3 In order to investigate the particle balance in plasma as described by Eqs. (l)-(5), the rate coefficients P and D should be known. The cross sections for direct processes, e.g., ionization HZ (X'ZC,') -+H,f(X2C,f) by electron impacts, are well established now. However, since our plasma has finite electron densities, indirect processes, e.g., the ladderlike excitation ionization3 through Rydberg molecular states, should also be included. In order to assess the importance of these processes, we have constructed a collisional-radiative (CR) model for the system of molecular hydrogen.
A part of the results has already been reported: the effective ionization rate coefficient of molecular hydrogen, P&, in Ref. 4 . In that article, however, only a brief account was given of the CR model. The details of the model are explained in Sec. II.
In the following, by using this CR model and the CR model for the system of atomic hydrogen,tY4 we calculate the effective rate coefficients which are underlined in Eqs. (l)- (5). The results are given in Sec. III. The ratio of the effective ionization rate of molecular hydrogen to the Balmer a (Ha) photon emission rate and the effective energy loss rate coefficient from plasma electrons are also presented. Discussions are given in Sec. IV, including effects of vibrational excitation in the ground state. The Appendix gives various data used in our model.
II. COLLISIONAL-RADIATIVE MODEL OF MOLECULAR HYDROGEN
Molecular hydrogen has a number of electronic, vibrational, and rotational states (see Fig. 2 in Ref. 5): Some representative electronic states are shown in Fig. 1 . In this study we are primarily interested in the effective dissociation and ionization rates through the stable molecular states rather than in the populations in these states. Thus, we adopt a rather crude approximation: We assume that the initial state of a transition, collisional or radiative, is the ground vibrational-rotational state' in the stable electronic state. The validity of this approximation is discussed in Sec. IV. Figure  2 shows the simplified energy level diagram which we adopt. We use n to indicate the principal quantum number of the level in the united-atom limit. For the n=2 levels, we consider the singlet states B'Z,f, C'II,, E,F'Ci, and the triplet states b3C+ u ) c3rIu, a"zZ,f . For n&3, we distinguish singlet and triplet levels. The levels are considered up to n = 2 8 in our calculation.
The term values of the n = 2, 3, and 4 levels are given in Refs. 6, 7, and 8. For n>5 levels we use the term value w,=IH/R&,
,.
where I, and R, are the ionization potential of molecular hydrogen in its ground vibrational-rotational state (15.42 eV) and that of the hydrogen atom (13.6 eV), respectively. 'coefficient, respectively, A,(p,q) is the spontaneous transition probability from p to 4, s,(p) and a%(p) are the ionization rate coefficient and the three-body recombination rate coefficient for state p, respectively, and &(p) is the radiative recombination rate coefficient. The notation q<p means that level 4 lies energetically lower than level p. The triplet b3Zl is a repulsive state. We assume that all the transitions from stable states to this state result in dissociation; we put excitation rate coefficients from this state equal to zero in Eq. (7). All the transitions from stable states to other repulsive states are assumed to autoionize and included in SH,(p) (see the Appendix).
A We assume that excited molecules are not produced starting from the ground-and excited-state atoms and protons. We also ignore transitions due to collisions with atoms, molecules, and ions. The molecular data adopted in our model are summarized in the Appendix. 
Here R?(p) and R?(p) may be called the population coefficients and are functions of electron density n, and temperature T, . By using RF(@) under various plasma conditions we calculate the effective rate coefficients for dissociation and ionization.
III. RESULTS
A. Production of electrons Figure 3 shows P&, as a function of T, for several ~1,. There are four pathways of ionization from molecular hydrogen. Figure 4 shows the contributions separately from these pathways as functions of n, . The first is the direct ionization by electron impacts, path II:
The cross section is well established.' 2Y'3 The rate coefficient is, of course, independent of n, . The second is, starting from the ground-state molecule, a stable excited molecule Hz is produced. It is further excited (Hz*), and finally ionized to produce a molecular ion, path 12:
where the double arrows stand for multistep, mainly ladderlike, processes? We calculate this contribution by using the CR model developed in Sec. II. The rate coefficient is given as where pa2 denotes all the excited levels. It is seen in Fig. 4 that the rate coefficient for this process is strongly dependent onn,.
The third is dissociative ionization through the unstable molecular hydrogen ion Hz (X'cl j, path 13:
This cross section is given in Refs. 12, 13, and 14, and its rate coefficient is given in Ref. 15; the rate coefficient is independent of n, .
The fourth is ionization via excited hydrogen atoms.H"* originating from dissociative excitation of molecular hydrogen, path Z4:
H*+e++H**+e, H**+e-+H++e+e.
In the CR model of the hydrogen atom starting from dissociative excitation of molecular hydrogen, the population density of excited level p (the principal quantum number) is given as dp)=R2(p)nH2ne 9
where R,(p) is the population coefficient given in Ref.
1. The contribution from path 14 is given as pz2 S (PjRdPj% 7 where S(p) is the ionization rate coefficient of atomic level p. The rate coefficient is dependent on n, . Figure 4 shows the rate coefficients of the above four pathways. The overall ionization rate coefficient Pk is shown with the thick curve. It is seen that, under the ehge plasma condition of electron density of n,S1013 cmm3, the dominant ionization pathway is path Il. The reason for the increase in the contributions from path I2 and path 14 with a.n increase in rz, is that the population kinetics of excited molecules and atoms changes from the corona phase (in the case of the atom) or its equivalent (molecules) to the ladderlike excitation-ionization phase.3 In Fig. 4 the corresponding quantity for atomic hydrogen Pf., (=ScRj is also shown for comparison. 
B. Production of atoms-Dissociation
The production rate coefficient P$, is shown in Fig. 5 as a function of T, for several n, and its-breakdown in Fig. 6 . There are five pathways of production of atomic hydrogen. The first is the direct excitation from the ground state to the repulsive level H2(b32:) by electron impacts, path HI:
The cross section is well established6T7716-23 [as shown in Fig.  15(d) , below]. The rate coefficient in Fig. 6 is, of course, independent of n, .
The second is, a ground-state molecule is excited to a stable excited molecule Hf by electron impacts. This molecule may further be excited or deexcited to other stable states H z* by collisional and radiative processes, and finally reaches H2(b3Cz), path H2:
Here the double arrows denote a sequence of collisional and radiative processes. For the evaluation of the effective rate coefficient for this series of processes, the CR model of molecular hydrogen is used. The contribution from path H2 is given as
The result is shown in Fig. 6 . The third is a dissociative excitation process which accompanies the production of excited atomic hydrogen H", path H3:
The cross section of the production of the individual excited levels has been discussed in detail in Ref. 4 . For the cross section for path H3, we employ the sum of the cross sections for production of all of the excited levels (see Fig. I of Ref. 4) . Path H3 is independent of n, in Fig. 6 . The fourth is the excited atom produced in path H3 is further excited or deexcited by collisional and radiative'processes, and finally reaches the ground state, path H4:
H,(X'ZS~)+e-+H(ls)+H*+e, H*++H( 1s).
The contribution from path H4 to the dissociation rate coefficient is given as where A (p, 1) and F(p) 1) are the spontaneous transition probability and the deexcitation rate coefficient for atomic hydrogen p-+ 1. The population coefficient R,(p) has already been calculated.4 Both the contributions from path H3 and path H4 are equal in the low-density limit because almost all the produced excited atoms eventually decay radiatively to the ground state without being ionized. Under the edge plasma condition of electron density of n,~10'3 cm-s, this is almost the case.
With an increase in n, , the contributions from path H2 and path H4 decrease. The reason is that with the increase in n, population kinetics of both the atomic hydrogen and molecular hydrogen changes from the corona phase to the ladderlike excitation-ionization phase.
The fifth is dissociative ionization through the repulsive molecular state, path H5:
Ha+e-+H(ls)+H++e+e. This is the same process as path 13. This is, of course, independent of n, . Figure 6 shows the overall production rate coefficient P& with the thick curve. As is seen in Fig. 6(c) , all the contributions from paths Hl-H5 can be of the same order of magnitude.
C. Other effective rate coefficients Figure 7 shows Pz+ , which is the sum of the rate coefficients for paths 11 and 12. Figure 8 shows PE:, which is the sum of those for paths 13 and 14. Figure 9 shows bH,, which is the sum of those for paths II, 12, 13, Hl, H2, H3, and H5.
D. Ionization rate of molecular hydrogen and Hcu line intensity
In toroidal plasma research tbe amount of the neutral particle influx is sometimes evaluated from the observed Ha line intensity. This technique is based on the assumption that the recycled neutral hydrogen is atomic;24 however, as mentioned above, Ha photons could also be emitted by the excited atoms that originate from molecular hydrogen. In Fig.  10 the ratio of the effective ionization rate of molecular hydrogen to the Ha photon emission rate is shown, P~n~,n,lA(3,2)R2(3)n~*n,, where A( 3,2) is the spontaneous transition probability of atomic hydrogen p = 3 + 2. This figure also contains the corresponding quantity for atomic hydrogen, P';1n~n,/A(3,2)R~(3)n~n,.
It is obvious that the proportional factor for the molecule is more than ten times that for the atom. This is mainly due to IO" - where E,,(p,q) and E,,(p) are, respectively, the energy difference between level p and q and the ionization energy of molecular hydrogen. In Fig. 11 is also shown.
IV. DISCUSSION
We have assumed that the initial state of a transition, collisional or radiative, is the ground vibrational-rotational state in an electronic state. This is because it is impractical to construct a complete CR model including the vibrationally rotationally excited states because the data of the collisionalradiative processes concerning the vibrational-rotational molecular states are scanty. The only exception is the electronic ground state. We ,have information of the vibrational excitation and of the collisional and radiative transitions concerning the vibrationally excited states. We now examine the effect of vibrational level excitation on the effective ionization rate coefficient P& and on the effective dissociation rate coefficient Pz2. lkvo processes are identified for excitation of the vibrational levels by electron impacts, 25'26 (a) H2(u)+e-+H~--+Hz(w)+e, For lower electron impact energy (EC12 eV), process (a) is dominant," and for higher electron impact energy (E> 12 evj, process (b) is dominant.28 We consider the two energy regions separately. First we consider the low-energy region (E<12 eV). The population distribution over the vibrational levels is a result of excitation and cleexcitation among the vibrational levels (a), together with excitation to a vibrational continuum and to b3xz from the vibrational levels. Excitation to higher electronic levels except 6%: is negligible." We have constructed a CR model for the 15 vibrational levels of the electronic ground state. The cross section for process (a) is calculated in Ref. 27 for u ,w = O-5, levels at the impact electron energy of 6 and 8 eV. We extrapolate them to v, w = 0 -14. We assume the energy dependence of the cross sections to be the same as that for O-l in Ref. 27. The cross section for excitation from u = 14 to the vibrational continuum is assumed to be the same as the excitation cross section from u = 0 to u = 1. The excitation cross section from u=O-14 to b3Xz is given in Refs. 30 and 31. Figure 12 shows the population of the vibrational levels for T,=5 eV as calculated on the assumption that the molecular hydrogen is initially produced in the u = 0 level. The populations of the excited vibrational levels are much smaller than that of the ground vibrational state. The effective production rate coefficient through the excited vibrational levels at T,=5 eV is shown in Fig. 6(a) with the arrow. This quantity should be added to that of path H 1. It is concluded that the contribution from the vibrationally excited levels to dissociation is negligible compared with that from the ground vibrational state.
Next we consider the high-energy region (E> 12 eV). ' We modify our CR model: The electronic ground state has the vibrational ground state and one excited level that represents all the vibrationally excited levels. In this model, we use for the representative level the averaged cross section or the spontaneous transition probability over the vibrationally 38. The sum of the spontaneous transition probability to all the excited levels is one or two orders larger than that to the vibrational ground state. For the higher electronic excited levels having principal quantum number n > 3, cross sections and spontaneous transition probability to and from the vibrationally excited levels are not known. We estimate them from the values for n= 2: For na3 we approximate the excitation cross section from the vibrationally excited level to the singlet states is two times larger than those from the ground state. For the triplet state, we approximate them to be the same as those from the ground state. For the ionization cross section of the vibrationally excited level, we approximate it to be ten times larger than that from the ground state. Spontaneous transition probabilities from the singlet states to the excited vibrational leve13* are approximated to be one hundred times those to the ground vibrational state. Figure 13 shows the result of the calculation: The ratio of the population of the representative vibrationally excited level to that of the ground state is given as a function of n, . The effective ionization rate coefficient Pkz at T,=20 eV is shown in Fig. 14(a) which corresponds to Fig. 4(b) . ln the low electron density region, the rate coefficient is two times larger than that for which vibrationally excited levels are neglected. The effective production rate coefficient PEz is shown in Fig. 14(b) , which corresponds to Fig. 6(b) . Only a small modification is seen.
As described in detail in the Appendix, we have reason-
(a ably reliable molecular data concerning the ground state; however, the data of the processes between the excited states are quite insufficient, and we have made approximations or even assumptions. When possible, we compared the results of different assumptions. For instance, for collision cross sections between the singlet B '2: , C'II, and E,F'X:,f levels as well as between the triplet b3Zz, c311u, and a "2; levels, we adopted cross sections on the basis of their resemblance to the plj2, p3/2, and sli2 levels of atomic hydrogen and compared the result with the present one. We found a very small change.
Although we expect that possible errors in the data employed in the present calculation would not lead to a substantial error in the calcuIated rate coefficients, we hope, in future, to have reliable data for these processes.
Throughout the present study we ignored transitions due to collisions by atoms, ions, or molecules. For plasmas with a low ionization degree our assumption may not be valid. Vibrational excitation and deexcitation especially could be affected substantially by these collisions.
In this article we do not treat processes starting from the molecular hydrogen ion Hzf , In actual plasmas ,contributions from H2f to production of the excited-and the ground-state atoms may not be ignored. These processes can even be more important in divertor plasmas which have higher densities and lower temperatures. However, atomic data on various processes starting from the molecular ion are so scanty that it is impractical to evaluate quantities similar to those presented here for H2. It is strongly hoped that the cross sections for the processes concerned will become available in the near future.
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APPENDIX: MOLECULAR DATA USED IN THE COLLISIONAL-RADIATIVE MODEL

Spontaneous transition probabilities
The spontaneous transition probabilities are taken from Refs. 38-41, and the values are listed in Table I . These values are for transitions from the ground vibrational level (u ' =O> to all of the vibrational levels of the final state. Except for Table I , the transition probabilities are not available from literature. For other transitions we estimate these values from those for atomic hydrogen,42 where the difference in the statistical weights of the levels is taken into account.
Excitation and deexcitation by electron impacts a. Excitation from the ground state '
The excitation cross sections from the ground state to the singlet states B'Z:, C'II,, E,F'Z,f and to the triplet states b3X ' u 3 c311 U' a3Xl are studied by many CTI", 6.15 43, 44, 45, 46, 47, 54 7, 17, 50, 52 6, 15 44, 45, 46, 47, 48, 49, 54 so, 51 E FIX+ ci3P+' 6.15 51 b3XS+ 6 47 7, 18, 19, 53 u 6 16 7, 17, 18, 19, 20, 21, 22, 23 c311u 6 47 7, 18, 19, 51 workers6Y7,15-23*43-54 (see Table II ). The calcuiations listed in Table II give the total cross section for the transitions from the ground vibrational level (u"=O) to all the vibrational levels of the upper state. Figure 15 shows examples of these cross sections, where we have adopted the corrections proposed in Refs. 54 and 55; we have multiplied the cross sections in Refs. 44, 45, and 49 by 0.62 correcting for the sensitivity of the detector. We fit the cross sections by using the formula given in
where ~7~ is 6.514X lo-l4 cm2 eV2, W and E are the ionization potential and the impact energy, respectively, and A, sl, x and v are the adjustable parameters. We primarily rely on the experimental data. Results of fitting are shown in Fig. 15 and the parameter values are given in Table III . We use in our calculation the cross section in this analytical approximation. For excitation from the ground state to the n =3 levels, there is no theoretical nor experimental cross section. We adopt the formula given in Ref. 6 and multiply the original value by 1.5; this modification is based on the consideration of the continuation property of the cross section against a change of n. Because there is no cross section data available for n%-4 levels, we estimate them by following the method proposed in Ref. 56. We concentrate our attention on the energy range very close to the ionization threshold. For the purpose of determining the cross section at the threshold, we approximate the excitation cross section to be constant (ffl,fZ =uo~n-") and the ionization cross section to be a linear function [ ffion= a (E -Et&] , where E, is the threshold energy for ionization to a particular vibrational level. We now assume smooth continuation from excitation of the Rydberg states across the ionization limit to ionization. Then it is straightforward to derive the relationship a=aol(2RHln3).
W)
The above discussion holds for each vibrational level. Figure  16 illustrates the u =0 level of the molecular ion and the corresponding u =0 level of the Rydbeg molecular state, in this case with n=4 taken as an example. Reference 57 gives the slope of the ionization cross section for v =0 to be 5.1 X IO-l9 cm2/eV, and Eq. (A2) gives the threshold cross section of 1.39X 10-'7/n3 cm2. The actual shape, or the energy dependence of the excitation cross section, is assumed to be the same as that of atomic hydrogen (1 +n) ,42 and we multiply the latter cross section so that its threshold cross section becomes equal to the above value. A similar procedure is followed for u =l 2 9 ,*-.*, 6 levels on the basis of the slope of the cross section given in Ref. 57. It is noted here that if the level energy of the excited vibrational level exceeds that of the ground vibrational state of the molecular hydrogen ion (v>4 in the case of n =4), the excited molecule autoionizes quickly.58,59 We then sum the cross sections for nonautoionizing vibrational levels (u =O, 1, 2, and 3 for 1z=4) for the excitation cross section. Table IV shows the vibrational quantum numbers of the nonautoionizing levels and the effective multiplication factor for the excitation cross section. The resulting autoionization cross section derived on our assumption is consistent with the experimental autoionization cross section in Ref. 57. We divide the rate coefficients determined by the above method into the singlet and the triplet levels by using the ratio of the rate coefficient for n=3, singlet/triplet = 0.25 Ti.45 ( T, in eV> . 643) b. Excitation between excited levels There are few reports of the excitation cross sections between the excited levels. For excitation rate coefficient from B'Xz to E,F'Zi, we use a formula for the Bethe limit using the oscillator strength which is derived from the corresponding transition probability. We assume that the singlet E,F'&! and C'II, levels, as well as the triplet a?$: and c311U levels, have some resemblance to the 2s and 2p levels of atomic hydrogen, respectively. For excitation rate coefficients between these levels, we use the Born cross sections for corresponding atomic hydrogen transitions. We approximate excitation cross section from BtZ: to C 'II, to be zero because the transition is optically forbidden.
We use the excitation cross section of atomic hydrogend2 for other transitions of molecular hydrogen.
Deexcitation rate coefficients for both the singlet and triplet levels are derived from the excitation rate coefficients by the principle of detailed balance.
Ionization by electron impacts
The ionization cross section from the ground state is given in Refs. 12. 13, and 57. There are no data available for cross sections from excited levels. We estimate them as follows. Ionization consists of two processes: One is the direct ionization producing a molecular hydrogen ion, and another FIG. 16. The cross section for ionization to the u =0 molecular ion is related to the cross section for excitation to u = 0, n = 4 taken as an example, Rydberg molecule. Excitation to higher vibrational level than that of the ground vibrational state of the molecular hydrogen ion results in autoionization. In our model the sum of the excitation cross sections to the nonautoionizing vibrational levels, v=O, 1, 2, and 3 in this example denoted by "excitation," is adopted for the excitation cross section to the n =4 level. is the indirect process; the molecule is first excited to one of the repulsive Rydberg states, and on its way to dissociate it, autoionizes resulting in a molecular ion. We assume that the cross section for the direct process is the same as the corresponding cross section of atomic hydrogen, and we use the semiempirical formula42 for atoms. For the indirect process the excitation to the repulsive states may be regarded as the excitation of the inner 1 s electron to 2p. We then assume the excitation cross section to be given by the cross section for dissociation.
through the repulsive excited state as determined in Refs. 60 and 61. We assume the autoionization probability to be high so that all the excitation results in ionization. This assumption is justified in the following. Path H3 is the dissociation process in which a molecule starts from the ground state and after the excitation to the repulsive state it has survived the autoionization. If we assume the excitation cross section from the ground state to the repulsive level to be the same as the atomic excitation cross section from the ground state to the corresponding excited level, it is concluded, from the comparison of this cross section with that of path H3 or Fig.  1 of Ref. 4 , that more than 90% of the molecules excited to repulsive levels autoionize. This conclusion is consistent with the autoionization probability which is measured in Refs. 62 and 63. From the description above, it might be assumed that we have neglected processes through the excited molecular ion state, e.g., H2(X'$)+e+H;*-+H++H*.
However, since we rely primarily on experimental data, when possible, we have automatically included these contributions.
